Purpose Cancer-related insomnia is associated with diminished quality of life (QOL), suggesting that improvement in insomnia may improve QOL in cancer survivors. Cognitive behavioral therapy for insomnia (CBT-I) has been shown to improve insomnia, but less is known regarding its effect on QOL and whether improvement in insomnia corresponds to improved QOL. The present analysis examines the effects of CBT-I, with and without armodafinil, on QOL both directly and indirectly through improvements of insomnia. Methods This is an analysis of 95 cancer survivors for a specified secondary aim of a four-arm randomized controlled trial assessing the combined and individual effects of CBT-I and armodafinil to improve insomnia. QOL and insomnia severity were assessed before, during the intervention, at post-intervention, and 3 months later by Functional Assessment of Cancer Therapy-General and Insomnia Severity Index, respectively.
Introduction
The number of cancer survivors has been steadily increasing due to better detection methods and improved treatments [1] .
Living longer, however, does not necessary imply living well, as cancer survivors experience both short-and long-term side effects from cancer and its treatments. These psychological and physical side effects negatively impact quality of life (QOL) in survivors, resulting in increased disability and healthcare utilization [2] . QOL is a multidimensional construct encompassing physical, functional, emotional, and social aspects of an individual's overall well-being [3] and is recognized as a vital outcome of cancer care. Maintaining a good QOL is of increasing importance to patients and healthcare providers, as it frequently decreases after diagnosis and treatment [4, 5] . A recent US survey showed that approximately 25% of cancer survivors had poor physical QOL and 10% had poor mental QOL compared with 10 and 6%, respectively, of adults without cancer [6] . Therefore, it is important to explore possible ways to maintain and improve overall QOL during and after the cancer care trajectory.
Reduced QOL is associated with sleep disturbances [7] [8] [9] [10] , and sleep disturbance is a significant and frequent problem in cancer survivors. Studies indicate that 30-60% of individuals with cancer experience difficulties with initiating or maintaining sleep [11, 12] , while 19-30% meet diagnostic criteria for insomnia disorder [13, 14] with high rates of insomnia persisting well beyond the completion of cancer treatments [15] . Gooneratne et al. showed that lung cancer survivors with poorer sleep quality had significantly worse QOL than those with good sleep quality [16] . Others have also shown that prolonged daytime napping and shorter nighttime sleep negatively affects QOL [17] while maintenance of consistent sleep-wake patterns is associated with better QOL [18] . Thus, interventions for the management of insomnia could be very effective in improving QOL.
Growing evidence from randomized controlled trials (RCTs) has shown that cognitive behavioral therapy for insomnia (CBT-I) is an effective method for reducing insomnia in cancer patients and survivors [19] [20] [21] [22] and that acceptability of this intervention by patients is high [23] . CBT-I is a multimodal intervention consisting of sleep restriction, stimulus control, cognitive restructuring, and education to re-establish a regular sleep pattern [24] . In the general population, CBT-I is considered the gold standard treatment for insomnia disorder [25] . To date, eight controlled and four uncontrolled trials of CBT-I have been conducted in cancer survivors [18, 26] . A recent systematic review of these RCTs showed a large effect size for the self-reported insomnia severity (d = 0.77) pooled across studies for survivors who received CBT-I compared to those who did not [26] . Of the 12 studies, only a few have evaluated the effect of CBT-I on QOL, which revealed mixed results with some studies finding improvements in QOL, while some did not [19] [20] [21] [27] [28] [29] . Further, no study to date has evaluated whether the effects of CBT-I on QOL are mediated by insomnia reductions and whether improvement in insomnia in general corresponds to improved QOL.
We recently reported on a four-arm RCT of CBT-I with and without armodafinil compared to armodafinil alone and placebo alone in 96 cancer survivors with insomnia [30] . CBT-I resulted in significant improvement in insomnia severity and sleep quality, with no additive benefit provided by armodafinil. Armodafinil alone had no significant effects on insomnia severity and sleep quality. The objective of the present analysis is to report on a specified secondary aim of this four-arm RCT to examine the effect of the intervention on QOL. We also explored whether any effects of the intervention on QOL were mediated by changes in insomnia severity.
Methods Patients
As described in full detail previously [30] , cancer survivors with chronic insomnia were recruited from outpatient cancer clinics, via letters to patients, and from posters and advertising in two Northeastern US cities between September 2008 and November 2012. Eligibility criteria remained essentially unchanged since December 2008, when the original criterion of having breast cancer was broadened to include having any cancer and the criterion of receiving chemotherapy was broadened to include radiation therapy. Thus, participants were cancer survivors at least 18 years of age with any cancer type who had completed all chemotherapy and/or radiotherapy ≥1 month before study start, had no measurable disease, and were required to discontinue any prescribed or over-thecounter sleep medications for 1 week prior to the collection of baseline data as well as during the 11-week study period. Participants who had ever taken modafinil/armodafinil, had undergone CBT-I, or had a previous history of seizures, severe headaches, sleep apnea, or an unstable medical or psychiatric illness were not eligible. The institutional review boards of the University of Rochester and University of Pennsylvania approved the protocol, and subjects provided written informed consent. This trial is registered with ClinicalTrials.gov, number NCT01091974.
Study design and treatments
Participants were randomized to one of the four groups: CBT-I + placebo, CBT-I + armodafinil, armodafinil, or placebo, i.e., a factorial design of CBT-I (yes/no) versus armodafinil (yes/ no). Randomization was done using an online computergenerated random table with block size 8 and stratified by city and gender. The random assignment was conveyed to a pharmacist, who provided the study coordinator with the appropriate study medications. All study personnel and participants were blinded regarding the medication assignment but not the CBT-I condition. The CBT-I intervention was 7 weeks long, was provided on an individual basis by therapists trained in CBT-I, and followed a published treatment manual [24] . There were seven individual weekly CBT-I sessions, with sessions 1, 2, and 4 (30-60 min) conducted in person and sessions 3, 5, 6, and 7 (15-30 min) conducted over the telephone. Armodafinil is a CNS stimulant and the R-enantiomer of modafinil. It was included in the study because of its wakefulness-promoting properties, and we had hypothesized that it would increase adherence to CBT-I by reducing the daytime sleepiness associated with the sleep restriction component of CBT-I. Participants took armodafinil (50 mg) or placebo in the morning and again in the afternoon for 47 days. For titration purposes, a placebo capsule was substituted for the afternoon doses of armodafinil on the first 3 days and the last 4 days of the 47-day medication period.
Assessments
Participants completed on-study questionnaires at consent, providing demographic and clinical information.
QOL was assessed by the Functional Assessment of Cancer Therapy-General (FACT-G), a 27-item instrument designed to assess physical, functional, social, and emotional well-being on a scale of 0-108, with higher score indicating better QOL. The FACT-G has been demonstrated to have good validity and reliability in cancer patients and the US general population [31] . The minimal clinically important difference (CID) for the FACT-G is defined as a score change ≥4 points [32] .
Insomnia severity was assessed by the Insomnia Severity Index (ISI), a 7-item validated instrument for measuring insomnia on a scale of 0-28, with higher score indicating worse insomnia [33] .
Both the FACT-G and the ISI were completed at preintervention (average of weeks 1 and 2), during intervention, post-intervention (average of weeks 10 and 11), and 3 months later (average of weeks 23 and 24).
Statistical analyses
Sample size calculations were performed for the primary analysis and have been reported previously [30] . In the original study protocol, the target accrual was 226 participants and the planned primary analysis was a longitudinal analysis using estimation by generalized estimating equation and possible linear splines to represent trajectories in each arm. Due to our ability to randomize only 96 participants and that the original planned analysis for the primary and secondary outcomes would be problematic with this smaller sample size, we changed the analysis to analysis of covariance (ANCOVA) using pre-intervention score as covariate to evaluate the effects of CBT-I and armodafinil. Changes in insomnia severity and QOL from pre-to post-intervention were calculated as Post − Pre. Descriptive statistics were used for the pre-intervention, post-intervention, follow-up, and change scores. One-sample T tests were performed on the mean changes to identify those that were significantly nonzero. For the ANCOVA analysis, we started with a linear model including post-intervention QOL as the dependent variable, pre-intervention QOL as a covariate, and CBT-I (yes/no), armodafinil (yes/no), and CBT-I by armodafinil interaction as fixed effects and assessed the statistical significance of the interaction by type III F tests. Since the interaction was not statistically significant at the 0.05 level, it was removed from the model and the model was re-fitted. Bonferroni adjustment for multiple comparisons was done for the two main effects of CBT-I and armodafinil. One of the 96 randomized participants had missing baseline data and was omitted from all analysis. The analyses were done by intention to treat, although 29.5% of the 95 participants did not provide post-intervention data for QOL. Since there was missing data, the ANCOVA analysis was performed for both complete cases (i.e., observations with missing post-intervention data were omitted from the analysis) and multiple imputation (MI). The missing value patterns were examined through visual inspection and logistic regression modeling of dropout versus intervention groups and relevant clinical and demographic characteristics. We also tested whether the rate of dropout depended on preintervention QOL levels but found no association. Assuming a missing at random (MAR) mechanism, we performed MI (using Fully Conditional Specification method) for postintervention and follow-up QOL. We also examined changes in QOL from post-intervention to follow-up using one-way ANOVA among the four intervention arms.
We used Pearson correlations to examine the association between QOL and insomnia severity change scores. To determine if insomnia severity mediated the effect of the intervention on QOL, we performed a path analysis using a structural equation model (SEM) with maximum likelihood estimation. In the model, we included direct effects from CBT-I (yes/no) and armodafinil (yes/no) on both QOL and insomnia change scores. For the indirect effects, we included insomnia change score as a predictor of QOL change score. All statistical analyses were performed using SPSS version 22 and STATA IC version 14 for analyses as appropriate. Figure 1 shows the consort diagram, which is also provided in our published manuscript on the primary study aim of insomnia [30] . Briefly, of the 138 participants who consented to screening, 114 were eligible, 96 were randomized, 88 began the intervention, and 73 completed the intervention. No serious study-related adverse effects were reported. One grade 2 possibly related event (tingling, numbness, and weakness in legs) occurred as did two probably related grade 2 events (headaches). All three events occurred in patients assigned to CBT-I + armodafinil. As previously reported for this study, the average adherence with study medication was >90% for all intervention groups and there were no significant differences in the overall adherence between CBT-I + placebo or CBT-I + armodafinil [34] . Table 1 shows the baseline characteristics of the 95 participants who provided baseline QOL data, with 24, 23, 24, and 24 having been randomized to CBT-I + placebo, CBT-I + armodafinil, armodafinil, and placebo, respectively. Mean (SD) age was 56 (10) years, 88% were female, 68% were treated for breast cancer, 90% were white, 95% were non-Hispanic or Latino, and mean time since last cancer treatment to intervention was 1292 days. Mean QOL at baseline was 77.0 (SD = 16.6). As has been previously reported, these characteristics were not statistically significantly different among the four intervention groups at baseline [30] .
Results

Patient characteristics
Effect of the intervention on QOL
The unadjusted means for QOL from pre-intervention to followup for the four intervention groups are shown in Fig. 2 . Postintervention QOL means for CBT-I + placebo, CBT-I + armodafinil, armodafinil, and placebo (complete cases) were 87.9 (SD = 13.9), 93.4 (SD = 13.5), 77.6 (SD = 15.3), and 79.7 (SD = 15.7), respectively. T tests showed that there were no statistically significant differences between CBT-I + placebo and CBT-I + armodafinil (difference = 5.5; SE = 4.6; 95% Changes in QOL from pre-to post-intervention for CBT-I + placebo, CBT-I + armodafinil, armodafinil, and placebo were 9.6 (SE = 1.8; 95% CI = 5.7, 13.4; p < 0.0001), 11.6 (SE = 1.8; 95% CI = 7.7, 15.5; p < 0.0001), −0.2 (SE = 3.2; 95% CI = −6.9, 6.6; p = 0.964), and 3.3 (SE = 2.0; 95% CI = −1.0, 7.6; p = 0.124), respectively. The CBT-I by armodafinil interaction was not statistically significant for post-intervention QOL for both complete cases (p = 0.160) and when using MI (p = 0.100). ANCOVA for complete cases, while controlling for pre-intervention QOL, showed that CBT-I significantly improved QOL at postintervention (estimate = 9.5; 95% CI = 5.3, 13.7; p < 0.0001). This indicates that CBT-I led to a mean increase of 9.5 units, i.e., improvement compared to no CBT-I. Armodafinil, on the other hand, had no significant effect on QOL at post-intervention (estimate = −0.1; 95% CI = −4.3, 4.1; p = 0.976). Details on ANCOVA for complete cases and MI are provided in Table 2 . Mean follow-up QOL for CBT-I + placebo, CBT-I + armodafinil, armodafinil, and placebo (complete cases) was 91.4 (SD = 15.0), 93.8 (SD = 11.8), 78.7 (SD = 15.3), and 78.6 (SD = 20.6), respectively. A one-way ANOVA showed that there was no statistically significant difference between post-intervention and follow-up QOL (p = 0.327).
Direct and indirect effects of CBT-I on QOL
The correlational analysis showed that changes in insomnia severity from pre-to post-intervention were significantly correlated with concurrent changes in QOL (r = −0.56, (Fig. 3) showed that the only statistically significant direct effects (path coefficient, coef) were from CBT-I on the insomnia severity change score (coef = −5.60; p < 0.0001) and from the insomnia severity change score on the QOL change score (coef = −0.85; p < 0.0001). CBT-I did not have a significant direct effect on the QOL change score (coef = 4.08; p = 0.078). Armodafinil also did not have any significant direct effects on either the insomnia severity change score (coef = 1.48; p = 0.174) or the QOL change score (coef = 0.67; p = 0.737). CBT-I had a significant indirect effect on the QOL change score via the insomnia severity change score (coef = 4.78; p = 0.002). This indicates that CBT-I has only indirect beneficial effects on QOL through its positive effect on insomnia severity. The path model fit the data very well with root mean square error of approximation (RMSEA) <0.0001. We note that a RMSEA <0.1 is considered ideal.
Discussion
We have previously reported that our 7-week CBT-I treatment program was effective in improving insomnia severity and sleep quality [30] , sleep continuity [34] , and fatigue [35] in cancer survivors suffering from chronic insomnia. The goal of this secondary aim of the study was to assess the ability of CBT-I to improve QOL in cancer survivors and determine whether positive effects of CBT-I on QOL were mediated by decreased insomnia severity. This understanding is particularly important considering that QOL is often diminished in cancer survivors having chronic insomnia and for assessing whether symptom-specific interventions have the potential to improve QOL.
The results from our study indicate that survivors treated with CBT-I showed a clinically and statistically significant improvement in QOL at post-intervention as assessed by the self-reported questionnaire, FACT-G, compared with those who were not treated with CBT-I. Armodafinil did not enhance the potency of CBT-I nor did it have any effects on QOL. CBT-I improved QOL by 9.5 points (95% CI = 5.3, 13.7) in these participants, which is more than double the recommended CID for the FACT-G [32] . Thus, it is promising that an insomnia intervention, namely CBT-I, resulted in clinical improvement in QOL.
Our findings support previous studies that have shown a secondary benefit of CBT-I in improving QOL in cancer survivors. The two largest of these were one study in 57 breast NOTE: Analyses are presented as both complete case and using multiple imputation (MI) because of missing data. Estimates and associated statistics refer to adjusted differences between groups in mean change from pre-intervention. Effect size (ES) is standardized mean difference. 95% CI is the lower and upper 95% confidence limits. P values denote improvements using ANCOVA while controlling for pre-intervention values SE standard error, QOL quality of life cancer survivors with chronic insomnia showing that CBT-I compared to waitlist controls improved QOL in addition to ameliorating subjective sleep complaints, with these effects being maintained up to 12 months [19] , and another study in cancer survivors also showing that CBT-I participants had increased physical and functional QOL relative to treatment as usual at post-treatment and at 6-month follow-up [20] . By contrast, a study of breast cancer survivors assigned to both the CBT-I and sleep education and hygiene control groups had improved QOL for both groups, suggesting that sleep education may also have a short-term impact on QOL [28] . Another study of 242 breast cancer survivors also found that QOL significantly improved equally over time in all three groups of professionally administered CBT-I, video-based CBT-I, and no treatment group, with no significant differences between the groups [29] . In this study, however, only results on the global EORTC-QOL scale were reported, an index that may not have been sensitive enough to detect between-group differences. Ritterband et al. [36] also did not find a significant improvement in QOL with an online CBT-I program compared to waitlist controls. Similarly, Matthews et al. [21] did not find a significant improvement in QOL with CBT-I compared to behavioral placebo treatment, although the authors suggested that this failure might have been due to the participants' relatively good QOL at baseline, which provided little room for improvement. Mean QOL for our sample at baseline (i.e., 77 on FACT-G) was lower than that found in the US general population at 80.1 [37] , indicating that for our study, survivors with insomnia problems had reduced QOL.
Another important finding of our study was that improvement in QOL was due to the reduction in insomnia severity because of CBT-I and not due to the direct effects on CBT-I on QOL and that improvement in QOL from pre-to postintervention was significantly correlated with concurrent reduction in insomnia. This finding is consistent with a study of 72 breast cancer survivors receiving CBT-I which also found through mediational analysis that the intervention did not have a direct effect on psychosocial outcomes, such as QOL, although they did not assess the indirect effect of the intervention on QOL [28] .
We also found that the improvement in QOL remained higher when assessed at 3 months after the completion of CBT-I, which is consistent with previous studies showing maintenance of CBT-I treatment gains on QOL up to a year after the intervention [19, 20] . The long-term benefits of CBT-I in this study may be due to the fact that because of this therapy, the individual has learned coping skills to manage acute insomnia as well as to prevent or reduce future insomnia episodes [11] .
Armodafinil, a medication indicated for promoting wakefulness in order to decrease daytime sleepiness associated with sleep disorders, including narcolepsy, sleep apnea syndrome, and shiftwork disorder [38, 39] , had no significant benefits on QOL. In our published manuscript on the primary study aim for insomnia [30] , we also saw no effect of armodafinil on insomnia or sleep quality. This lack of significant effect is consistent with previous trials that have also demonstrated no effect of armodafinil on QOL in patients with cancer, even for doses as high as 400 mg/day [40] [41] [42] [43] . This might be due to the fact that it may be difficult to improve insomnia beyond the effects produced by CBT-I, as several well-conducted RCTs have indicated that CBT-I produces robust clinical improvements in cancer-related sleep problems [18] .
Our study includes several strengths, namely a randomized clinical trial, multicenter study, inclusion of patients with clinically diagnosed insomnia disorder at baseline, use of reliable and validated patient-reported measures, longitudinal data with 3-month follow-up, and use of intention-to-treat analyses. Conversely, the following limitations should also be considered when interpreting the study results. Participants were predominantly white women of non-Hispanic ethnicity which may limit the generalization of findings to men and to those with different racial and ethnic backgrounds. Further, this study had a small sample size, and the reduction of insomnia severity and the improvement of QOL were measured at the same time, thus limiting firm conclusions about the directionality of the relationship. This study nonetheless has several important clinical implications. It provided additional evidence of the link between insomnia and reduced QOL, suggesting the importance of screening for clinical insomnia in cancer survivors, as survivors who have clinical insomnia may also experience poor QOL. More importantly, this study suggests that CBT-I is not only effective in treating insomnia, but that reducing insomnia has significant beneficial effects on QOL in cancer survivors, thus highlighting the importance of offering insomnia interventions on a more routine basis to cancer survivors.
Conclusion
Given the high prevalence of insomnia in cancer survivors and its profound impact on QOL, interventions targeting insomnia could be a promising treatment for improving QOL. Our study provides evidence that CBT-I treatment is both clinically efficacious and durable for improving QOL in cancer survivors with chronic insomnia and strongly supports its use. This beneficial effect on QOL appears to be due to the reduction of insomnia severity induced by CBT-I. Armodafinil, on the other hand, did not have a detectable effect either on QOL or on the efficacy of CBT-I. Future research should focus on screening for clinical insomnia and increasing awareness and access to evidence-based non-pharmacologic insomnia interventions in order to improve cancer care.
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